Abstract. A miniature laser ablation probe relying on an optical fiber to deliver light requires a high coupling efficiency objective with sufficient magnification in order to provide adequate power and field for surgery. A diffraction-limited optical design is presented that utilizes high refractive index zinc sulfide to meet specifications while reducing the miniature objective down to two lenses. The design has a hypercentric conjugate plane on the fiber side and is telecentric on the tissue end. Two versions of the objective were built on a diamond lathe-a traditional cylindrical design and a custom-tapered mount. Both received an antireflective coating. The objectives performed as designed in terms of observable resolution and field of view as measured by imaging a 1951 USAF resolution target. The slanted edge technique was used to find Strehl ratios of 0.75 and 0.78, respectively, indicating nearly diffraction-limited performance. Finally, preliminary ablation experiments indicated threshold fluence of gold film was comparable to similar reported probes.
Design and fabrication of a miniature objective consisting of high refractive index zinc sulfide lenses for laser surgery Adam 
Introduction
Laser ablation surgical therapies have been shown to treat a wide array of conditions including endometriosis, epilepsy, thyroid nodules, varicose veins, prostate cancer, and many others. [1] [2] [3] [4] [5] [6] While laser ablation can be broadly defined as the removal of material due to the absorption of laser energy, specifically ultrafast pulsed lasers have shown great promise for use in surgical ablation therapy, providing unmatched precision. [7] [8] [9] These systems, however, are often limited by the difficulty of delivering light from the large benchtop lasers to the tissue of a patient. 10, 11 One solution is to incorporate flexible optical fibers with miniature optics in order to access difficult to reach regions.
Hollow core photonic crystal fibers (HC-PCFs) have been successfully used in endoscopic probes to deliver ultrafast pulses with fluences sufficient for tissue ablation without damaging the fiber. 11, 12 The most recent endoscopic probe has combined miniaturized optics with a piezo-scanned PCF to deliver high-repetition rate amplified femtosecond lasers from a compact fiber laser. This surgery probe showed a reduction in the time per cut through the improvement of repetition rate while maintaining a miniature package and delivering enough pulse energies to ablate fixed tissue samples. 11 The availability of larger air core HC-PCFs can potentially enable delivering larger pulse energies. There is a need for a custom miniature objective designed to couple these large core, low NA fibers in order to provide desired focusing conditions for precision surgery.
To improve the efficiency of laser coupling to the tissue and to meet the specifications necessary for surgery, we present the development of a custom designed miniature objective. In this work, we describe the design, fabrication, and validation of this objective to be used as a surgical probe. To simplify the optical design down to two optical components, a high refractive index material was incorporated. This material, zinc sulfide (ZnS), has been used considerably in IR imaging applications [13] [14] [15] [16] and successfully incorporated into a miniature objective. 17 To further reduce complexity of the optical system and to relax assembly tolerances, all optical components were manufactured using diamond turning technology, a prototyping method that allows for the production of spherical and aspherical components without an increase of cost and manufacturing time. To provide a distance invariant object field, the lens is telecentric in the sample space. By incorporating a piezo-scanning fiber to deliver the laser radiation responsible for absorption within the tissue, the miniature probe objective was designed to be hypercentric in the image space in order to collect light emitted by the deflecting fiber-optic tip. The objective was thus reduced to two elements to provide −13× magnification and a 160 μm field of view (FOV), allowing for adequate energy density within the tissue for surgical applications. Two versions were built: a traditional cylindrical miniature objective and a prototype-tapered mount. The optical performance of the tapered objective was characterized by the ablation performance of gold film.
Optical System of the Miniature Surgery Probe
The optical design of the distal optics of the surgery probe aims to deliver a sufficiently focused beam of light onto the tissue surface, while the beam is scanned across the back aperture of the optics to achieve the largest possible area of ablation. The optical system of the miniature surgery probe is shown in Fig. 1 . The basic optical parameters of the presented system are summarized in Table 1 . The optical system was designed in the Zemax (Radiant Zemax, Redmont, Washington) optical design package. At the design state, the system was modeled "in reverse" in order to utilize the built-in Zemax option to launch rays telecentrically in the object space as well as use the optimization operands to target a hypercentric ray configuration at the fiber side of the system.
In Zemax, we constructed the optical system to work with a 10-mm long fiber cantilever. The length of the fiber tip was an important design parameter, as it had direct impact on deflection of the fiber-thus driving the objective aperture requirements. The amplitude of vibration of a fiber cantilever is a function of the electromechanical properties of the piezoelectric tube (PZT, lead zirconium titanate) transducer as well as the elastic properties of the fiber. For the chosen inhibited coupling HC-PCFs (GLOphotonics PMC-PL-780_USP, FRA) and PZT transducer (EBL Products Inc., Connecticut), the 10-mm long fiber cantilever locus of movement forms a sphere with a radius of 6.66 mm. This shape can be achieved when the PZT actuator is activated symmetrically in both the tangential and sagittal planes within the boundaries of its electro-mechanical specification. To replicate this behavior, the image plane of the optical system was modeled as a sphere with a radius of 6.66 mm.
To provide position invariant tissue ablation conditions, energy density at the target must be constant within the field of view. Additionally, for ease of use for the operator of the ablation objective, the whole field of view should be illuminated uniformly. Taking both requirements into account, the optical train of the probe was designed to be telecentric in the tissue space. To avoid self-focusing of laser pulses above the tissue in water and maintain a successful ablation process, we have chosen the beam interrogating the tissue to have an NA of at least 0.2. In order to match the NA of the fiber (0.018) and to guarantee successive ablation, a system with a magnification of −13× was designed that resulted in a tissue side NA of 0.23-above the threshold minimum of 0.2.
To make the surgical probe practical, its outer diameter should be limited to a few millimeters and its length to several centimeters. An appropriate example with similar dimensions to the desired prototype probe is a pen or pencil, which through wide availability and broad use make manipulation of such a probe intuitive. At the early stages of the design, we searched through readily available databases of optical designs like the Zemax Design Library to find optical systems that would meet our size and working conditions constrains but we were unable to match any available design to our requirements. We decided, therefore, to manufacture a custom objective and to simplify the manufacturing and assembly processes by purposefully reducing the count of optical elements down to two. Due to this low count of optical components, we choose to construct our system exclusively from multispectral ZnS in order to decrease aberrational load of each lens. This optical grade crystal has a very high index of refraction (n ¼ 2.32 at 770 nm) 18 and can be machined on diamond turning lathes with a root mean squared surface roughness value on the order of a few nanometers.
The design process began with two monochromatic ZnS plane-parallel plates. We set the radii and thicknesses of the optical components as variables. After multiple iterations of optimization of exclusively spherical system, we added the conic variable on subsequent surfaces to widen solutions space for the optimization algorithm. At each step of optimization, the merit function was modified-typically by adding field points and restricting tolerances on the angles of incidence of rays illuminating the fiber tip surface and manually controlling the system magnification and working distance. The optimized final prescription of the optical system of the miniature probe at nominal working conditions is shown in Table 2 . We modeled the superficial layers of tissue combined together with immersion media in Zemax as seawater because the bulk refractive indices of the superficial skin and of the selected immersion media (saline solution) are similar. 19, 20 A BK7 cover glass window was used to protect the assembly against accidental scratches and to provide a sealing platform to isolate the optical system from the immersion liquid and other contaminants. Both proximal and distal lenses were made from ZnS and were aspherized in order to achieve diffraction-limited performance in the system with reduced count of active optical surfaces. As evidenced by the plots in Fig. 2 , the system exhibits diffraction-limited performance within the whole field of view. The performance is further defined in Fig. 2 (c) presenting the root mean square (RMS) wavefront error plotted as a function of field and Fig. 2(d) presenting the Strehl ratio (SR) plotted across the field. The SR is a standard relationship that is used to assign a value to the comparison of the measured optical performance to an ideal. Both the expected RMS wavefront error and SR indicate that the design is diffraction limited across the entire field despite the slight dropoff of the MTF curve in Fig. 2(a) . Analysis of the manufacturability of the system was performed in Zemax with the tolerance parameters listed in Table 3 . The values of the tolerance operands represent experimentally measured manufacturing capabilities of our machining facility. The performance of the design during tolerance optimization was assessed using root sum square (RSS) and Monte Carlo analysis methods. RMS wavefront error was used in both to indicate system performance. According to the RSS method, the change in performance of the system related to expected manufacturing imperfections will be 0.06. Taking into account the nominal performance of the system (0.045 RMS), an estimate of the prototype RMS error was estimated to be 0.105, a value slightly above diffraction limit of 0.07. Analysis of 999 Monte Carlo simulations runs revealed that there is a 65% chance to manufacture a diffraction-limited system within the whole field of view for tolerances parameters identified in Table 3 . Because we planned on manufacturing at least two prototypes, we had a fair chance of producing at least one system that would be diffraction limited or very close to it.
Fabrication of Miniature Objective
Due to the differences in sizes of the clear aperture of the two lenses, we investigated constructing an objective that could exploit the variable diameters due to tapering of the probe tip. For this reason, two versions of the objective were manufactured in-house using single point diamond turning (SPDT).
A diagram of the two objectives can be seen in Fig. 3 , with a traditional design on the left and an experimental-tapered design on the right. The first layout shown in Fig. 3(a) , which is similar to many of our previous cylindrical designs, 17, 21, 22 relies on the inner and outer hypodermic tubes to precisely space and hold the lenses in place. The second lens shown in Fig. 3(b) is a prototype-tapered design that capitalizes on the small clear aperture of the lens closer to the tissue to improve visibility for the operator. The aluminum-tapered mount alone provides all of the mechanical alignment of the two lenses. The tapered region allows for improved visibility of the surgical target while maintaining full-field performance by reducing the external diameter from 5 to 2 mm. The mount was fabricated in the mechanical shop of Rice University.
The production process of the lenses relies on SPDT to both reduce the diameter and cut the surface of optical grade ZnS pellets (Naked Optics, Florida) to the design specifications. SPDT allows for the inclusion of aspherical surfaces, enabling the design to rely on fewer surfaces as conic and higher-order terms may aid in correction of aberrations. 23 For ZnS, we were able to produce high quality optical surfaces, as defined by a surface roughness root mean squared value of 5 nm. The tool path for the cuts of the traditional style objective included flat regions that allows for the internal spacer to be placed precisely without damaging the optically relevant surfaces (clear aperture) of the lenses [as seen in Fig. 3(a) ]. For the tapered objective, the lenses were produced in the same fashion as the first design, only requiring a significantly smaller diameter. Two copies of each lens were made in order to improve the probability of producing a diffraction-limited objective. The best lenses were chosen and placed within the mounts. The individual lenses and completed systems can be seen in Fig. 4 .
Due to the high refractive index of ZnS, the four optical surfaces of the objective result in a system transmission of only 50.4%, which could prove detrimental for ablation applications by limiting the amount of laser radiation delivered to the tissue. For this reason, the lenses were sent out for antireflective coatings (Optical Filter Source LLC, Texas). The coatings consisted of a combination of high and low index refractory oxides to provide less than 1% reflectance at the designed 770 nm. The optical performance of the two objectives was observed before and after the coating.
Optical Performance of the Two Objectives
To assess the optical performance of the objectives, a 1951 USAF resolution target was imaged. Analysis of the resolution target allows for the estimation of achievable resolution and contrast by calculating the SR. The slanted edge technique is used to approximate the SR by comparing the area under the measured MTF to the theoretical MTF. 24 This comparison was made possible by measuring the contrast between the dark and white regions of the resolution target as imaged by the objective. In general, an SR of 0.8 is considered as diffraction limited. The optical layout of the testing system consisted of an illumination setup (halogen lamp, 770 nm filter, and focusing optics) and detection optics (the miniature objective, a commercial 0.23NA 10× objective, and a CCD camera). During testing, the custom objective was not water immersed as designed, resulting in a small change in conjugate planes and subsequent magnification (from 13× down to 11×) as calculated using Zemax. At 770 nm, and without water immersion, the expected field of view was 160 μm with an achievable resolution of 2.04 μm according to the Rayleigh criterion. For the resolution target, resolving 2.04 μm corresponds to distinguish at least the individual elements of group 8, element 6. Images of the target through both the traditional style and the tapered objectives before antireflective coating can be seen in Fig. 5 . From Fig. 5 , it is apparent that the tapered objective provides improved contrast and resolution over the traditional lenses. The traditional design resolves group 8, element 5 while the tapered design seems capable of resolving group 8, element 6 in agreement with the expected performance. The SRs for the two objectives were 0.55 and 0.65, respectively. In addition to the SR, the full width at half maximum (FWHM) of the line spread function (LSF) was calculated. FWHM averages of 1.23 and 1.15 μm were found for the traditional style objective and the tapered lens, respectively, while the expected value was 1.07 μm. The low SR values were expected due to the low transmission value of ZnS. Again, for this reason, antireflective coatings were applied. Some damage occurred to the optical surfaces of the lenses either during transportation or the coating process. The same resolution target was imaged after coatings and can be seen in Fig. 6 .
After coating, both versions showed improvement in contrast as assessed by the increase in SRs up to 0.75 and 0.78, respectively. Additionally, both were able to resolve the expected group 8, element 6, though this improvement may have occurred due to a slight change in alignment of the lenses. There was an expected slight decrease in the FWHM of the LSF (1.14 and 1.12 μm, respectively) in conjunction with the improvement in achievable resolution. In both cases, the objectives were capable of imaging the correct size field of view and expected resolution, and were very close to be diffraction-limited systems as defined by the SR. With objectives performing optically as expected after the antireflective coatings were applied, the enclosures were sealed and ablation experiments began.
Ablation Performance
In addition to characterize the imaging resolution, we also characterized the spot size of the laser as focused by the objective. The spot size determines the maximum deliverable fluence by the objective for a given laser input energy and is a critical performance metric for ablation applications. In addition to the focal spot size, the transmission efficiency of the objective for the operating wavelength in the nearinfrared is also needed to effectively establish the maximum ablation threshold capabilities of the objective.
To determine the focal spot size of the objective, we aligned a 303 kHz, 776 nm, 1.5 ps laser (Discovery, Raydiance Inc., California) on the back aperture of the tapered objective, which was mounted on a 5-axis stage (Newport Ultralign 561D, California). The optical setup for spot size measurement is shown in Fig. 7(a) . The laser beam was collimated and sized to fill the back aperture of the custom objective. The 5-axis stage that the objective was mounted allowed for the alignment of the laser beam along the objective's optic axis. The resultant spot size was imaged onto a CCD beam profiler (UC-680, Uniq Vision, California) using a 40× objective (Olympus UPlanFLN, Japan). A Gaussian function was fit to the intensity profile obtained from the image to determine the focal spot size shown in Fig. 7(b) . The measured 1∕e 2 spot size of 1.36 AE 0.07 μm compared well to the Zemax Huygen's point spread function (PSF) estimate for the 1∕e 2 spot size of 1.27 AE 0.02 μm [ Fig. 7(c)] . The results showed a near diffraction limit performance for the objective. Next, the transmission efficiency of the objective was measured to be 60% up to 2 μJ of input laser energy showing that the objective maintained linear performance at the operating energy values.
Finally, we proceeded to test the ablation characteristics of the objective. We deposited a thin layer of gold on a cover glass (∼15 nm) and placed it at the focal plane of the device. A continuous stream of laser pulses at different pulse energies was allowed to interact with the gold sample as the sample was translated linearly [ Fig. 7(d) ]. The linear translation speed of the gold slide was adjusted to allow 2 overlapping pulses per each spot. We observed that ablation occurred for all energies above 10 AE 3 nJ, which corresponded to a threshold fluence of 173 AE 58 mJ∕cm 2 for gold, and compared well with previously obtained values for gold film thresholds. 25 The maximum fluence deliverable by the objective was 3.4 J∕cm 2 , sufficient for the designed tissue ablation criterion.
Conclusions
Current generation surgical ablation probes suffer from miniaturization and inefficient coupling with a laser. To improve upon these deficiencies, a custom miniature optical surgical objective was designed and fabricated for use in ablation surgery. The design is unique that relies on a hypercentric image space and a telecentric object space to provide −13× magnification of light from a 0.018NA fiber to 0.23NA at the tissue. This design was limited to two lenses by using a high refractive index crystal material (ZnS) and aspheric surfaces. Two variations of the objective were made -a traditional style cylindrical design and a tapered version that reduces the outer diameter while maintaining similar performance. Both variations were coated with antireflecting coatings. While slight damage did occur to the lenses during the antireflective coating process, the optical performance of both objectives was improved to nearly diffraction-limited performance. Finally, the preliminary ablation experimentation compared well with the previously reported values for gold film thresholds by providing a threshold fluence of 173 AE 58 mJ∕cm 2 . Ye Wang received her BS degree in physics at Nanjing University in 2013. Currently, she is a third-year PhD student in the applied physics at Rice University and is a research assistant working in the Laboratory of Tomasz Tkaczyk. Her research interests include fiberbased spectroscopy, optical design and fabrication, and biomedical imaging.
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